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Introduction: Attention deﬁcit hyperactivity disorder (ADHD) captures a heterogeneous
group of children, who are characterized by a range of cognitive and behavioral symp-
toms. Previous resting-state functional connectivity MRI (rs-fcMRI) studies have sought
to understand the neural correlates of ADHD by comparing connectivity measurements
between those with and without the disorder, focusing primarily on cortical–striatal circuits
mediated by the thalamus. To integrate the multiple phenotypic features associated with
ADHD and help resolve its heterogeneity, it is helpful to determine how speciﬁc circuits
relate to unique cognitive domains of the ADHD syndrome. Spatial working memory has
been proposed as a key mechanism in the pathophysiology of ADHD. Methods:We cor-
related the rs-fcMRI of ﬁve thalamic regions of interest (ROIs) with spatial span working
memory scores in a sample of 67 children aged 7–11 years [ADHD and typically develop-
ing children (TDC)]. In an independent dataset, we then examined group differences in
thalamo-striatal functional connectivity between 70 ADHD and 89 TDC (7–11 years) from
the ADHD-200 dataset. Thalamic ROIs were created based on previous methods that uti-
lize known thalamo-cortical loops and rs-fcMRI to identify functional boundaries in the
thalamus. Results/Conclusion: Using these thalamic regions, we found atypical rs-fcMRI
between speciﬁc thalamic groupings with the basal ganglia. To identify the thalamic con-
nections that relate to spatial working memory in ADHD, only connections identiﬁed in
both the correlational and comparative analyses were considered. Multiple connections
between the thalamus and basal ganglia, particularly between medial and anterior dor-
sal thalamus and the putamen, were related to spatial working memory and also altered
in ADHD. These thalamo-striatal disruptions may be one of multiple atypical neural and
cognitive mechanisms that relate to the ADHD clinical phenotype.
Keywords: ADHD, fMRI, connectivity, working memory, thalamus, striatum
INTRODUCTION
Brain imaging studies of attention deﬁcit hyperactivity disorder
(ADHD), including resting-state functional connectivity MRI (rs-
fcMRI) studies, typically compare a group of children with the
disorder to a typically developing control population (for a recent
review, see Liston et al., 2011). In these studies, statistical differ-
ences between groups are used to inform current models of the
disorder. However, with regard to resting connectivity in ADHD,
the literature has generally not yet related group effects to speciﬁc
behavioral symptoms or cognitive deﬁcits, which are likely to vary
across individuals with the disorder (Nigg, 2005). It is crucial to a
comprehensive understanding of ADHD that the established cog-
nitive correlates of the disorder are integrated with both clinical
presentation and with contemporary, systemic analysis of brain
function.
One approach to relating behavioral phenotypes to functional
connectivity signatures of the disorder might be to ﬁrst perform
a traditional two-group analysis in a large sample to identify
differences that are on average found in the test population. In con-
junction, one would then apply a dimensional method in the same
or, preferably, an independent sample to identify how atypical
circuits relate to cognitive domains, even if they are not atypi-
cal in all participants with the disorder (Insel et al., 2010). This
approach would extend our understanding of how differences in
brain connectivity observed in children with ADHD relate to spe-
ciﬁcobserveddeﬁcits in cognition andbehavior,andpotentially set
the stage for reﬁned diagnostics or reﬁned phenotyping/subtyping
based on brain physiology (Insel et al., 2010).
To this end, we begin our efforts examining the neurophysi-
ology of ADHD and its relationship to spatial working memory.
Deﬁcits in spatial working memory have been proposed as a core
mechanism in ADHD (Castellanos and Tannock, 2002; Wester-
berg et al., 2004; Nigg, 2005), are extensively studied, and appear
to yield among the largest effect sizes of any cognitive measure
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in ADHD (Nigg, 2005; Willcutt et al., 2005; Brown et al., 2011;
Finke et al., 2011; Rhodes et al., 2012; Tillman et al., 2011). Typ-
ical measures of spatial span working memory ask the child to
remember the sequence of a series of locations, and then to recall
the sequence in order or in reverse. The latter task not only tests
the child’s ability to hold visual–spatial information in mind, but
to also manipulate the information further in order to recall the
sequence in the reverse order, presumably recruiting more central
executive processes (Baddeley,1996).ChildrenwithADHD,aswell
as unaffected siblings of children with ADHD, successfully recall
signiﬁcantly shorter spatial span sequences than typically devel-
oping children (TDC) (Gau and Shang, 2010), making spatial
working memory a viable candidate endophenotype for ADHD
(Doyle et al., 2005).
Multiple neural pathways have been proposed as being involved
in ADHD, many emphasizing subcortical–cortical circuits and
dopaminergic projection pathways (Castellanos, 1997;Giedd et al.,
2001; Nigg and Casey, 2005). While much attention has been
given to the frontal–striatal aspect of these circuits, the role of
the thalamus in ADHD has largely been unexplored. While a
previous investigation of thalamic morphology in youths with
ADHD revealed no overall difference in total thalamic volume,
some region speciﬁc thalamic volumes were atypical in youths
with ADHD, and were related to symptom dimensions of the dis-
order (Ivanov et al., 2010). Given the importance of the thalamus
as a potential integration site of networks supporting the ability to
modulate behavior (Haber andCalzavara, 2009), and itsmediating
role in cortico-striatal circuits, disrupted connections between the
thalamus and other subcortical structures (i.e., basal ganglia) may
correlate with certain behavioral components of ADHD. However,
thalamic structures have traditionally been difﬁcult to visualize
in vivo in children, perhaps accounting for this gap in knowledge.
This problem may be overcome with resting state functional
connectivity. Resting-state functional connectivity (rs-fcMRI) has
been proposed as a method to study functional relationships
between brain regions by examining spontaneous slow-wave (less
than 0.1 Hz) oscillations in the blood–oxygen level dependent
(BOLD) signal (Biswal et al., 1995). These functional connections
are thought to reﬂect a history of co-activation between popu-
lations of neurons, and thus allow neuroimaging investigations
the ability to examine the intrinsic functional architecture of the
human brain (Bi and Poo, 1999; Dosenbach et al., 2007; Fair et al.,
2007a). Previous studies have utilized rs-fcMRI to characterize
atypical connections inADHD(Zang et al., 2007;Castellanos et al.,
2008; Uddin et al., 2008; Wang et al., 2009; Fair et al., 2010b), but
tended to focus on cortical connections. To this date, rs-fcMRI
investigations of subcortical–cortical interactions in children with
ADHD remain scarce.
A recent technique that utilizes rs-fcMRI to examine functional
relationships between the thalamus and cortex has created an
opportunity for in vivo investigations of thalamo-cortical connec-
tivity (Zhang et al., 2008, 2009). This technique has since been used
to characterize thalamo-cortical connectivity across development
(Fair et al., 2010a). Using this approach, it is possible to create
functionally deﬁned regions within the thalamus, and use these
thalamic regions to examine interactions between the thalamus,
basal ganglia, and cortex.
Drawing on subcortical–cortical models of ADHD (Nigg and
Casey, 2005), we examined the functional connectivity between
ﬁve thalamic regions of interest (ROI) and the basal ganglia.
Taking advantage of recent techniques that allow functional par-
cellation of the thalamus (Zhang et al., 2008, 2009; Fair et al.,
2010a), we correlated thalamic connection strength with spatial
span backward scores in a sample of 67 children with and without
ADHD. We then performed a comparative analysis of thalamic
connection strength between children with and without ADHD-
combined subtype (ADHD-C) in a matched independent sample
comprising data collected across ﬁve institutions (see ADHD-
200; http://fcon_1000.projects.nitrc.org/indi/adhd200). By exam-
ining connections that were both (a) related to spatial span
working memory performance, and (b) associated with ADHD,
we are able to distinguish how speciﬁc circuits relate to spe-
ciﬁc cognitive deﬁcits that represent components of the ADHD
syndrome.
MATERIALS AND METHODS
PARTICIPANTS
Data from Oregon Health and Science University, Brown Uni-
versity, Beijing Normal University, Kennedy Krieger Institute, and
NYU Child Study Center were collected for youth aged 7–11 years
(N = 132 TDC; N = 94 ADHD). Informed written consent or
assent was obtained for all participants, and all procedures com-
plied with the Human Investigation Review Board at respective
universities. Due to differences in procedures across institutions,
details on diagnostic criteria, data acquisition, and data processing
are included in the Appendix.
This large dataset was divided into two subgroups for the analy-
ses. The ﬁrst subgroup comprised 67 children with and without
ADHD (all subtypes included) from the Oregon Health and Sci-
ence University site, for a correlational analysis (see Table 1A).
The second subgroup comprised 89 TDC and 70 children with
ADHD-C, matched for age, gender, and motion for a comparative
analysis (see Table 1B).
BEHAVIORAL MEASURE
Spatial span working memory was assessed on the ﬁrst subgroup
of participants in this study (see Table 1A). These participants
received the spatial span subtest of the Cambridge Neuropsycho-
logical Test Battery (CANTAB; CeNeS, 1998). The spatial span task
is a computer-based task modeled on the Corsi Block Tapping Test
(Milner, 1971). All children were presented a screen with indis-
criminately placed boxes, and instructed to watch for the boxes
that change. For this particular version of the task, boxes changed
through the appearance of a green smiley-facewithin the box.After
each sequence, children were asked to respond by clicking on the
appropriate boxes after a 500 ms delay. Children were instructed
to click on the boxes that changed in the same order for the spatial
span forward task, or else they were instructed to click on the boxes
that changed in reverse order for the spatial span backward task.
The total span length and accuracy were recorded for each task.
For the purposes of this study, we examined the spatial span back-
ward total score for each child, which is the product of the total
span length and mean accuracy across the spatial span backward
task.
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Table 1 | Participant characteristics.
Variable TDC ADHD p
Mean SD Mean SD
A. CORRELATIONANALYSIS
Age 8.5 0.67 8.7 0.82 0.23
Full-scale IQ 118.35 13.82 106.66 13.54 <0.01**
Movement RMS 0.43 0.35 0.44 0.32 0.85
Volume-by-volume displacement 0.27 0.22 0.3 0.19 0.55
Spatial span backward total score 4.47 2.05 3.96 2.07 0.34
% N % N
Gender
Male 39.53 17 75 18
Female 60.47 26 25 6
ADHD subtype
Combined – – 58.33 14
Inattentive – – 37.5 9
Hyperactive – – 4.17 1
Variable TDC ADHD-C p
Mean SD Mean SD
B. COMPARISONANALYSIS
Age 9.94 1.23 9.85 1.28 0.65
Full-scale IQ 115.97 14.03 110.54 14.03 <0.02**
Volume-by-volume displacement 0.17 0.06 0.17 0.06 0.61
Movement RMS 0.46 0.21 0.47 0.25 0.64
% N % N
Gender
Male 73.03 65 80 56
Female 26.97 24 20 14
Table (A) displays the age, gender, IQ, volume-by-volume displacement, movement RMS, and spatial span backward total scores for 67 children with and without
ADHD from the OHSU sample.Table (B) displays the age, gender, IQ, volume-by-volume displacement, and movement RMS for 89 typically developing children (TDC)
and 70 children with ADHD-combined (ADHD-C) subtype from the consortium sample. Movement is displayed as the average root mean square (RMS) across all
included runs, before volumes were removed as indicated in the methods. **Indicates p < 0.05.
DATA ACQUISITION AND PROCESSING
Participants were scanned on 3.0 Tesla scanners using standard
resting-fMRI T2∗-weighted echo-planar imaging. Due to the col-
laborative nature of this project (multiple sites of data collection),
speciﬁc details regarding data acquisition, including scanning pro-
tocol and scanner details, are described in the Appendix to con-
serve space. All functional images were preprocessed to reduce
artifacts (Miezin et al., 2000; see Appendix Text). Connectivity
preprocessing followed prior methods (Fox et al., 2005; Fair et al.,
2007a,b, 2008, 2009, 2010a) to reduce spurious variance unlikely
to reﬂect neuronal activity (Fox and Raichle, 2007). These steps
included: (i) a temporal band-pass ﬁlter (0.009 Hz< f < 0.08 Hz),
(ii) regression of six parameters obtained by rigid body head
motion correction, (iii) regression of the whole brain signal aver-
agedover thewhole brain, (iv) regressionof ventricular signal aver-
aged from ventricular region of interest (ROI), and (v) regression
of whitematter signal averaged fromwhitematter ROI. Regression
of ﬁrst order derivative terms for the whole brain, ventricular,
and white matter signals were also included in the correlation
preprocessing. These preprocessing steps are, in part, intended
to remove any developmental changes in connectivity driven by
changes in respiration and heart rate over age. Motion was cor-
rected and quantiﬁed using an analysis of head position based on
rigid body translation and rotation. The data derived from these
adjustments needed to realign head movement on a volume-by-
volume basis were calculated as root mean square (RMS) values
for translation and rotation in the x, y, and z planes in millimeters.
Participant’s BOLD runs with movement exceeding 1.5 mm RMS
were removed. Overall movement was low across all participants
(Table 1).
With that said,we were particularly sensitive to potential move-
ment confounds. As such,we also evaluated the similarity between
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each BOLD volume and the preceding volume to exclude vol-
umeswith excessivemovement (Smyser et al., 2010; Shannon et al.,
2011). Movement generally results in high variance in measured
functional MRI signal. Thus, the algorithm used here excludes
volumes whose signal change was >3 SD above the mean (Smyser
et al., 2010; Shannon et al., 2011). Signal change is computed at
each voxel by backward differences. The global measure of signal
change then is
√〈
[ΔIi (x)]2
〉 =
√〈
[Ii (x) − Ii−1 (x)]2
〉
,
where Ii(x) is image intensity at locus x on time point
i and angle brackets denote the spatial average over the
whole brain. For the remaining volumes we also limited our
sample to ensure that mean volume-by-volume displacement
was not related to our outcome measures (Power et al.,
2012; Van Dijk et al., 2011). Volume-by-volume displace-
ment (VD) – or frame-to-frame displacement (FD; Power
et al., 2012) – was calculated as a scalar quantity using the
formula, VDi = |Δdix|+ |Δdiy|+ |Δdiz|+ |Δαi|+ |Δβi|+ |Δγi|,
where Δdix = d(i− 1)x − dix, and similarly for the other ﬁve rigid
body parameters (Power et al., 2012). This formula sums the
absolute values of volume-by-volume changes in the six rigid body
parameters. There was no relationship between mean volume-
by-volume displacement (for the remaining volumes) and spatial
span backward total scores (p > 0.19). We also matched our par-
ticipants, such that there was no difference in mean volume-by-
volume displacement (for remaining volumes) between children
with ADHD and TDC in our sample (p > 0.80).
THALAMIC ROI DEFINITION USING “WINNER TAKE ALL” STRATEGY
Thalamic ROIs were deﬁned using the “winner take all” strategy
for all 226 participants in order limit group bias during ROI cre-
ation (Zhang et al., 2008, 2009; Fair et al., 2010a). The “winner
take all” strategy assigns each voxel in the thalamus a value corre-
sponding to the cortical subdivision to which it is most strongly
correlated. Cortical subdivisions were deﬁned as in Zhang et al.
(2008). The anatomical image from a normal young adult volun-
teer was segmented along the gray/white boundary and deformed
to the population-average, landmark, and surface-based (PALS)-
B12 atlas (Van Essen, 2005) using SureFit and Caret software
(Van Essen and Drury, 1997; Van Essen et al., 2001). Partition
boundaries were manually drawn based on major sulcal land-
marks, following work by Behrens et al. (2003). Five broad cortical
ROIs were deﬁned: (1) frontopolar and frontal cortex including
the orbital surface and anterior cingulate; (2) motor and premo-
tor cortex (Brodmann areas 6 and 4 – excluding adjacent portions
of cingulate cortex); (3) somatosensory cortex (Brodmann areas 3,
1, 2, 5, and parts of 40); (4) parietal and occipital cortex including
posterior cingulate and lingual gyrus; (5) temporal cortex includ-
ing the lateral surface, temporal pole, and parahippocampal areas.
These ﬁve surface partitions were assigned a thickness of 3 mm,
1.5 mm above and below the ﬁducial surface (corresponding to
“layer IV”), and were then rendered into volume space.
For each of the cortical ROIs, volumetric correlation maps were
generated for each subject (Fox et al., 2005). To calculate statistical
signiﬁcance, we converted correlation coefﬁcients (r) to a nor-
mal distribution using Fisher’s z transformation. z-transformed
maps were then combined across participants using a random
effects analysis. Results presented here are restricted to the thala-
mus,whose boundaries were created by manual tracing of the atlas
template (Zhang et al., 2008). Finally, the“winner take all” strategy,
as established in previous work (Zhang et al., 2008), was applied
to subdivide the thalamus. For the ﬁve cortical subdivisions, an
average resting-state time series was extracted and correlated with
each voxel in the thalamus for each individual. These data were
analyzed with a total correlation procedure, which included whole
brain signal regression in the initial preprocessing steps. Shared
variance among the ﬁve cortical subdivisions is accounted for
in this instance with the initial whole brain signal regression,
similar to the total correlation procedure used in Zhang et al.
(2008).
This analysis allowed us to create functionally deﬁned thalamic
ROI. Five thalamic ROIs were created based on the correlations
between the ﬁve cortical ROIs and each voxel in the thalamus.
Given that functional connectivity between the thalamus and cor-
tex changes across developmental periods (Fair et al., 2010a), we
used this method to create functionally deﬁned ROIs within the
thalamus for our sample of 226 children aged 7–11 years, a rela-
tively restricted development window. These ﬁve thalamic ROIs
were then used to generate volumetric correlation maps for each
subject, which were then normalized through the same procedure
detailed above. All remaining analyses were performed on these
Fisher z-transformed correlation maps.
ANALYSIS 1: CORRELATIONAL ANALYSIS WITH SPATIAL SPAN
BACKWARD TOTAL SCORES
To test signiﬁcant relationships between thalamic connectivity and
spatial span backward total scores, we performed a voxelwise cor-
relational analysis in the ﬁrst subgroup of 67 children (Table 1A).
Correlations between all voxels and each thalamic ROI were cal-
culated for each participant (random effects analysis assuming
unequal variance; p ≤ 0.05), and these correlation valueswere then
correlated (r) with the spatial span backward total score for each
participant. For the voxelwise, random effects maps, we imple-
mented aMonteCarlo simulation procedure (Forman et al., 1995).
To obtain multiple comparisons corrected, p < 0.05 voxel clusters,
a threshold of 53 contiguous voxels with a z-value >2.25 was used.
ANALYSIS 2: COMPARATIVE ANALYSIS BETWEEN CHILDREN WITH
ADHD-C AND TYPICALLY DEVELOPING CHILDREN
To test signiﬁcant differences in thalamic connectivity between 70
children with ADHD-C and 89 matched TDC (Table 1B), direct
comparisons between the two groups were performed. We per-
formed two-sample, two-tailed t -tests (random effects analysis
assuming unequal variance; p ≤ 0.05) for each thalamic ROI. For
the voxelwise, random effects maps, we implemented a Monte
Carlo simulation procedure (Forman et al., 1995). To obtain mul-
tiple comparisons corrected, p < 0.05 voxel clusters, a threshold
of 53 contiguous voxels with a z-value >2.25 was used. To exam-
ine the functional connectivity maps for each group, we generated
separate z-score maps across all participants in each group using
a random effects analysis.
Frontiers in Psychiatry | Neuropsychiatric Imaging and Stimulation January 2012 | Volume 3 | Article 2 | 4
Mills et al. Altered cortico-striatal–thalamic connectivity in ADHD
CONJUNCTION ANALYSIS
For each thalamic ROI, results of the comparative analysis were
masked by results of the correlational analysis to identify areas
that are both signiﬁcantly different in children with ADHD as
compared to TDC, and related to spatial span backward perfor-
mance. This process was conducted on the Monte Carlo multiple
comparisons corrected voxelwise maps generated from each of the
previous analyses. This conjunction analysis produced ROIs pre-
blurred 4 mmFWHM,with peakswithin 10 mmconsolidated, and
only voxels with z values >2.25 or <2.25 considered. The peaks
generated from the comparative analysis were masked with the
results of the correlation analysis. Time courses for each ROI were
extracted. Correlations between these newly produced ROIs and
the ﬁve thalamic ROIs were generated to characterize the relation-
ship between spatial span backward scores that have been adjusted
for age, and the connectivity strength between the thalamic ROI
and the ROIs generated from the conjunction analysis.
RESULTS
FUNCTIONAL CONNECTIVITY OF CORTICAL SUBDIVISIONS WITHIN THE
THALAMUS
Five thalamic ROIs were created by subdividing the thalamus with
the “winner take all” strategy in all 226 participants, displayed in
Figure 1. These thalamic ROIs showed bilateral symmetry, and
visually correspond to known human thalamic nuclear groupings
(Jones, 2007). It should be noted that the subdivision of the thal-
amus in the current sample of children (7–11 years) most closely
resembles the subdivision of the thalamus of an adolescent group
(11–16 years) as opposed to the 7–9 year olds in prior work (Fair
et al., 2010a). This pattern may reﬂect the demographic charac-
teristics of our sample, which has a slightly greater number of
older children than the prior study (mean age= 9.50 years), or
might relate to increased sample size and additional movement
correction procedures performed here (Smyser et al., 2010; Power
et al., 2012; Shannon et al., 2011; Van Dijk et al., 2011). Neverthe-
less, the thalamic subdivisions generated in the current analysis
resemble known nuclear groupings, supporting our use of these
subdivisions as functionally deﬁned thalamic ROIs. The prefrontal
cortical subdivision showed strongest interactions with the ante-
rior portion of the thalamus, potentially corresponding with the
ventral anterior nuclei and anterior group. The temporal cor-
tical subdivision showed strongest interactions with the medial
posterior, inferior, and midline areas of the thalamus, poten-
tially corresponding to the medial pulvinar, medial geniculate,
and medial dorsal nucleus. The parietal–occipital cortical subdi-
vision showed strongest interactions with the lateral and posterior
portions of the thalamus, potentially corresponding to the lat-
eral pulvinar and lateral geniculate. The somatosensory cortical
areas strongly correlated with ventral, lateral, and posterior thal-
amic regions, potentially corresponding to ventral posterolateral
and posteromedial nuclei. The premotor–motor cortical subdi-
vision correlated strongly with lateral and ventral thalamic areas
that presumptively correspond to ventral lateral and ventral lat-
eral posterior nuclei. Thus, these patterns strongly suggest valid
detection of actual thalamo-cortical loops by our method.
ANALYSIS 1: THALAMIC CONNECTIVITY WITH THE BASAL GANGLIA
RELATES TO SPATIAL SPAN WORKING MEMORY PERFORMANCE
In our initial set of 67 children, correlational analyses revealed sig-
niﬁcant relationships between spatial span backward total scores
and thalamic functional connections with the basal ganglia. Sig-
niﬁcant relationships were observed for four of our ﬁve thalamic
ROIs, as illustrated in Figure 2. Spatial span backward total scores
were negatively correlated with connectivity strength between
the prefrontal thalamic ROI and bilateral putamen and bilat-
eral globus pallidus. Similarly, spatial span backward total scores
were negatively correlated with connectivity strength between the
premotor–motor thalamic ROI and bilateral putamen. Lateralized
relationships were observed between spatial span backward total
scores and connectivity between the temporal thalamic ROI and
basal ganglia, as well as the somatosensory thalamic ROI and basal
ganglia. Connectivity strength between the temporal thalamic ROI
and primarily the left lateral globus pallidus was negatively corre-
lated with spatial span backward total scores, whereas connectivity
FIGURE 1 |Thalamic regions of interest generated from “winner take
all” procedure (Zhang et al., 2008, 2009; Fair et al., 2010a) in all 226
children. Each voxel in the thalamus was assigned a value (designated by
color in ﬁgure) corresponding to the cortical subdivision with which it was
most strongly correlated. Cortical subdivisions are illustrated in (A), and the
thalamic subdivision is illustrated in (B). Thalamic ROIs were generated from
this subdivision to analyze the functional connectivity of distinct thalamic
regions.
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FIGURE 2 | Results for the correlation and comparison analyses.
Each column represents the results for each of thalamic regions of
interest (prefrontal, occipital–parietal, premotor–motor, somatosensory,
and temporal). For the correlation analysis (row 1), warm colors indicate
areas where connection strength positively correlates with spatial span
backward total scores, and cool colors indicate areas where connection
strength is negatively correlated with spatial span backward total scores.
For the comparison analysis (row 2), warm colors (positive z -scores)
indicate areas where connection strength is greater in typically
developing control population, and cool colors (negative z -scores)
indicate areas where connection strength is greater in the ADHD-C
population.
strength between the somatosensory thalamic ROI and primarily
the right posterior putamen was negatively correlated with spatial
span backward total scores.
ANALYSIS 2: THALAMIC CONNECTIVITY WITH THE BASAL GANGLIA IS
ATYPICAL IN CHILDREN WITH ADHD
Direct comparisons between 70 children diagnosedwithADHD-C
and 89 TDC reveal signiﬁcant differences in connectivity between
the thalamus and basal ganglia portrayed in Figure 2. Speciﬁ-
cally, robust differences in connectivity were found between the
prefrontal thalamic ROI and the left putamen, reﬂecting different
subcortical connectivity patterns between groups. Examination of
functional connectivity patterns at the group level reveals connec-
tions between the prefrontal thalamic ROI and the putamen in
the ADHD-C group that are absent altogether in the TDC group
(Figure A1 in Appendix). Children with ADHD-C also showed
signiﬁcantly greater connectivity strength between the occipital–
parietal thalamic ROI and the left putamen and right caudate
head than TDC. Connectivity differences and group level patterns
between the basal ganglia and the premotor–motor thalamic ROI,
somatosensory thalamic ROI, and temporal thalamic ROI were
observed, although at a smaller scale. The connectivity differences
observed for these three seed regions were similarly located in
the putamen, with small differences observed in portions of the
globus pallidus and caudate body. ChildrenwithADHD-C showed
signiﬁcantly greater connectivity strength between these thalamic
regions and basal ganglia than TDC.
ATYPICAL THALAMIC CONNECTIVITY WITH THE BASAL GANGLIA
RELATES TO SPATIAL SPAN WORKING MEMORY PERFORMANCE AS
REVEALED BY CONJUNCTION ANALYSIS
Results of the conjunction analysis reveal distinct and overlapping
relationships between four of our thalamic ROIs and the basal
ganglia, speciﬁcally the putamen and globus pallidus (Figure 3).
Connections between the prefrontal thalamic ROI and the left
putamen (−27, 6, 4; −25, −7, −1; −30, −22, −1) are both
signiﬁcantly related to spatial span backward total scores and sig-
niﬁcantly different in children with ADHD-C as compared to
TDC. Similarly, connections between the premotor–motor thal-
amic ROI and the left putamen (−20, 13, −1), as well as con-
nections between the temporal thalamic ROI and left putamen
(−21, 2, 1), are signiﬁcantly related to spatial span backward
total scores and signiﬁcantly different in children with ADHD-
C as compared to TDC. Connections between the somatosensory
thalamic RO I and the right putamen (18, −33, −14), and right
lateral medial pallidus (15, −6, −5) display signiﬁcant overlap-
ping relationships in the comparative and correlational analyses
(see Table 2 for all coordinates). No connections between the
occipital–parietal thalamic ROI and the basal ganglia passed the
conjunction analysis. Connections to portions of the left putamen
overlap across the different thalamic ROIs (Figure 3C). The rela-
tionship between adjusted spatial span backward total scores and
connection strength between the prefrontal thalamic ROI and the
left putamen (−25,−7,−1) was plotted to reveal the nature of the
relationship in a post hoc analysis (Figure 4).
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FIGURE 3 | Conjunction analysis with basal ganglia.Thalamic regions of
interest (ROI) are displayed in (A); deep purple corresponds to the prefrontal
thalamic ROI, light purple corresponds to the occipital–parietal thalamic ROI,
green corresponds to the premotor–motor thalamic ROI, orange–yellow
corresponds to the somatosensory thalamic ROI, and red corresponds to the
temporal thalamic ROI. Regions of the basal ganglia that survive the
conjunction analysis are displayed in row (B), with each column
corresponding to one thalamic ROI. The colors in (C) indicate how many
thalamic ROIs show signiﬁcant connections that pass the conjunction analysis
with a given area of the basal ganglia.
ATYPICAL THALAMIC CONNECTIVITY WITH CORTICAL STRUCTURES IN
CHILDREN WITH ADHD RELATES TO SPATIAL SPAN WORKING
MEMORY PERFORMANCE
While the focus of the current investigation was directed toward
subcortical structures, connections between four of the thala-
mic ROIs and multiple areas of the cortex were also found to
be signiﬁcantly different in children with ADHD-C as compared
to TDC children, and related to spatial span backward total
scores (Figure 5). We describe the cortical results of the conjunc-
tion analysis for each thalamic ROI below. In addition, we have
included details as to how these connections relate to spatial span
working memory performance and differ between children with
ADHD-C and TDC, illustrated in Figures A2–A6 in Appendix.
Prefrontal thalamic ROI
Connectivity strength between the prefrontal thalamic ROI and
the right superior frontal gyrus, right middle frontal gyrus, right
superior frontal gyrus, was greater in children with ADHD and
related to better spatial span working memory performance. Con-
nectivity strength between the prefrontal thalamic ROI and the
right precentral gyrus was greater in TDC and related to worse
spatial span working memory performance. The relationship
between adjusted spatial span backward total scores and connec-
tion strength between the right middle frontal gyrus (38, 41, 24)
and prefrontal thalamic ROI was plotted to reveal the nature of
the relationship in a post hoc analysis (Figure 4).
Premotor–motor thalamic ROI
Connectivity strength between the premotor–motor thalamic ROI
and the left lingual gyrus, right lingual gyrus, left inferior occipital
gyrus, and right inferior occipital gyrus was greater in TDC and
related to better spatial span working memory performance. Con-
nectivity strength between the premotor–motor thalamic ROI and
the left inferior frontal gyrus and left superior temporal gyrus is
greater in children with ADHD and related to worse spatial span
working memory performance.
Somatosensory thalamic ROI
Connectivity strength between the somatosensory thalamic ROI
and the fusiform gyrus and left lingual gyrus was greater in TDC
and related to better spatial span working memory performance.
Temporal thalamic ROI
Connectivity strength between the temporal thalamic ROI and the
left middle temporal gyrus and right middle temporal gyrus was
greater in children with ADHD and related to worse spatial span
working memory performance.
DISCUSSION
Children with ADHD show disruptions in brain circuits related
to cognitive impairments associated with the disorder. ADHD
is widely theorized to involve disruptions in cortico-striatal–
thalamic neural circuits, but until now neuroimaging investiga-
tions have been largely restricted to examining the cortex and
striatum in ADHD, leaving a crucial gap with regard to evidence
of thalamic involvement. The present study reveals that thala-
mic connections to these regions are involved in ADHD and in
its associated executive cognitive problems. Our ﬁndings sug-
gest that on average, relative to the control population, there are
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Table 2 | Peak coordinate for the conjunction analysis.
Structure Conjunction
B.A. Peak coordinates # of voxels
PREFRONTALTHALAMIC ROI
Left pulvinar (−11, −24, 9) 6
Right superior frontal gyrus 9 (33, 53, 26) 11
Ventral posterior medial nucleus (14, −20, 0) 14
Right middle frontal gyrus 9 (38, 41, 34) 22
Left putamen (−27, 6, 4) 29
Right superior frontal gyrus 8 (29, 42, 42) 40
Left putamen (−25, −7, −1) 70
Right precentral gyrus 6 (41, −7, 29) 14
Left putamen (−30, −22, −1) 30
OCCIPITAL–PARIETALTHALAMIC ROI
N/A
PREMOTOR–MOTORTHALAMIC ROI
Left putamen (−20, 13, −1) 2
Left superior temporal gyrus 38 (−49, 15, −26) 4
Left lingual gyrus 18 (−16, −100, −5) 29
Right lingual gyrus 17 (21, −98, −8) 31
Left inferior occipital gyrus 18 (−30, −95, −2) 34
Right inferior occipital gyrus 18 (31, −93, −3) 37
Left inferior frontal gyrus 13 (−28, 11, −9) 6
SOMATOSENSORYTHALAMIC ROI
Right medial globus pallidus (15, −6, −5) 2
Right culmen (17, −33, −14) 7
Right putamen (18, −33, −14) 9
Left lingual gyrus 18 (−16, −99, −6) 13
Left putamen (−23, 10, −6) 13
Left fusiform gyrus 18 (−29, −94, −19) 1
Left claustrum (−26, 18, 0) 1
TEMPORALTHALAMIC ROI
Left thalamus (−9, −12, 2) 2
Left putamen (−21, 2, 1) 13
Left middle temporal gyrus 21 (−36, 5, −30) 1
Right middle temporal gyrus 21 (38, −4, −29) 9
Peak coordinates for regions in the basal ganglia and cortex that were signif-
icantly connected to each thalamic region of interest were generated through
the conjunction analyses. Structure details were generated with Talairach Client
(Lancaster et al., 1997, 2000). Peak coordinates are in talairach space.
altered thalamo-striatal and thalamo-cortical interactions in chil-
dren with ADHD. These ﬁndings appear to relate to at least one
behavioral component of ADHD – the ability to manipulate infor-
mation in mind, which is atypical in ADHD (although probably
only in a portion of the population (Nigg, 2005) as we discuss
below).
ACCOUNTING FOR HETEROGENEITY WITHIN ADHD
The heterogeneity of cognitive and behavioral impairments
present in ADHD presents a challenge for neuroimaging stud-
ies attempting to characterize atypical brain pathways associated
with the disorder. By examining a dimensional neuropsychological
aspect of the disorder in conjunction with a comparison analysis
in a large sample of participants with and without ADHD, we are
able to identify atypical cortico-striatal–thalamic pathways related
to spatial working memory. However, it is important to consider
that these probably are present or clinically meaningful in only a
subset of children with the disorder. Future work differentiating
individual variability in behavioral components of ADHD and
how they are associated with underlying disruptions in brain cir-
cuitry might facilitate improved empirical and biologically based
subtyping within the disorder. In this sense, while our focus here
was onworkingmemory deﬁcits, future efforts would be needed to
identify atypical brain circuits involved in other aspects of behav-
ioral regulation thought to be disrupted in ADHD (e.g., reward
processing, thought to involve pathways between the ventral stria-
tum and prefrontal cortex; Nigg and Casey, 2005; Sonuga-Barke,
2005). MultipleADHD related features identiﬁed in this way could
then be used to sub-classify individuals based on their own unique
brain–behavior relationships.
ATYPICAL CONNECTIONS BETWEEN THE BASAL GANGLIA AND
ANTERIOR THALAMUS IN ADHD ARE RELATED TO SPATIAL WORKING
MEMORY
Using functionally deﬁned thalamic ROIs, we were able to exam-
ine functional connections between distinct areas of the thalamus
and the basal ganglia. Given the distinct anatomical connectivity
patterns of individual thalamic nuclei (Jones, 2007), this approach
provided some speciﬁcity to our ﬁndings. Connectivity between
the putamen and our prefrontal thalamic ROI,which encompasses
the anterior portion of the thalamus, relate to spatial span working
memory in TDC and in children with ADHD. Stronger thalamic–
putamen connectivity correlated with lower spatial span backward
total scores. In a separate comparative analysis, we found that
these same connections between the prefrontal thalamic ROI and
putamen were atypical in children with ADHD-C. Children with
ADHD-C displayed stronger connectivity between our prefrontal
thalamic ROI and putamen than in a matched control group
(Figure A1 in Appendix), suggesting that these connections may
be of unique importance in the cortico-striatal–thalamic circuitry
underlying working memory and the ADHD clinical phenotype.
This work ﬁts nicely with previous models of ADHD (see below)
and also with ﬁndings highlighting the role of the anterior thal-
amic nuclei in spatial working memory (Aggleton et al., 1996;
Jones, 2007). In addition, the speciﬁcity of our ﬁndings coincides
with knownanatomical striatal-thalamo links (Parent andHazrati,
1995; Jones, 2007).
Other thalamic ROIs generated in this study, speciﬁcally the
premotor–motor thalamic ROI, somatosensory thalamic ROI,
and temporal thalamic ROI, similarly show greater connectivity
strength with areas of the basal ganglia in children with ADHD-
C relative to TDC, but to a lesser extent. The strength of these
same thalamo-striatal connections are related to lower spatial span
backward total scores. While the connections between these three
thalamic ROIs and the basal ganglia are not as a robust as with the
prefrontal thalamic ROI, they appear in similar areas of the puta-
men. Portions of the left putamen show atypical connections with
multiple thalamic ROIs (Figure 3C), suggesting that functional
associations between the thalamus and putamen may underlie
some of the behavioral impairments in children with ADHD.
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FIGURE 4 | Correlations (r ) between select thalamo-striatal and
thalamo-cortical connections and spatial span working memory
performance in 67 children in the OHSU cohort, from post hoc
analysis. Graphs plot z -transformed functional connectivity values on
the y -axis with adjusted spatial span backward total scores on the x -axis.
Spatial span backward total scores were covaried for age. The Pearson
correlation coefﬁcient (r ) and signiﬁcance are displayed for each graph.
The ROIs used to generate the correlation are visualized below each
graph. The left graph plots connectivity between the prefrontal thalamic
ROI and the right middle frontal gyrus (38, 41, 24) with spatial span
working memory performance. The right graph plots connectivity
between the prefrontal thalamic ROI and the left putamen (−25, −7, −1)
with spatial span working memory performance. The black line is the
ﬁtted line for all children, the blue line is the ﬁtted line for all TDC children,
and the red line is the ﬁtted line for all children with ADHD. The dots
indicate the diagnostic category for each participant: blue for TDC, red for
ADHD-combined subtype, green for ADHD-inattentive subtype, and dark
red for ADHD-hyperactive subtype. The choices for connections plotted
in this graph were generated from the conjunction analysis, and
therefore these graphs are only to illustrate the relationship between
thalamo-striatal and thalamo-cortical functional connections and the
adjusted spatial span behavioral measure.
THESE FINDINGS SUPPORT CORTICO-STRIATAL–THALAMIC PATHWAY
MODELS OF ADHD
Cortico-thalamic circuits, in particular fronto-striatal and fronto-
cerebellar circuits mediated by the thalamus, have been suggested
as being impaired in children with ADHD (Castellanos, 1997;
Giedd et al., 2001; Nigg and Casey, 2005; Casey et al., 2007). Tradi-
tional fMRI studies have repeatedly shown frontal and striatal areas
as having atypical brain activity in children with ADHD; however,
functional connections between these structures have received less
attention (Dickstein et al., 2006; Liston et al., 2011).
The present study highlights the role of thalamic functional
connections with the putamen, and, to a lesser extent, the cau-
date and globus pallidus. While structural brain imaging stud-
ies have reported inconsistent ﬁndings on putamen volume in
individuals with ADHD (Casey et al., 1997; Castellanos et al.,
2002; Ellison-Wright et al., 2008; Qiu et al., 2009), functional
neuroimaging studies have found differences in putamen blood
volume (Teicher et al., 2000), activation (Konrad et al., 2006)
and functional connectivity in youth with ADHD (Cao et al.,
2009). The caudate nucleus and lateral globus pallidus have
held a substantial role in brain investigations of ADHD show-
ing altered structure, function, and connectivity in individuals
with the disorder (Castellanos et al., 1994, 2002; Durston et al.,
2003; Booth et al., 2005; Silk et al., 2009). Our results suggest that
interactions between these regions are similarly atypical in the
present sample.
It is likely that a balanced relationship between these struc-
tures facilitates effective behavioral modulation to environmental
contexts. Indeed, the maturation of cognitive control and volun-
tary planning of behavior that is seen across child and adolescent
development has been proposed to reﬂect the underlying matu-
ration of fronto-striatal–thalamic loops (Nigg and Casey, 2005).
The thalamus plays an important role as a mediating structure in
cortico-striatal circuits, as well as a potential integration site for
networks that support the ability tomodulate behavior (Haber and
Calzavara, 2009). Alterations in functional connectivity between
the thalamus and basal ganglia may reﬂect irregular signaling
between these structures that may, in turn, alter afferent signaling
from the thalamus to the cortex. The results of this study support
models of ADHD inwhich atypical cortico-striatal–thalamic path-
ways underlie the breakdowns in cognitive control and behavioral
adjustment observed in children with ADHD (Nigg and Casey,
2005).
ATYPICAL CONNECTIONS BETWEEN THE THALAMUS AND CORTICAL
REGIONS IN ADHD ARE RELATED TO SPATIAL WORKING MEMORY
It is important to note that the results of this studywere not limited
to thalamo-striatal connections. Four of our ﬁve thalamic ROIs
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FIGURE 5 | Conjunction analysis with cortex.Thalamo-cortical
connections that survive the conjunction analysis are projected onto the
medial and lateral surfaces of each hemisphere. Colors correspond to
which thalamic regions of interest (ROI) the cortical area is connected. The
thalamic parcellation is displayed in the center of the ﬁgure as a reference.
Deep purple corresponds to the prefrontal thalamic ROI, light purple
corresponds to the occipital–parietal thalamic ROI, green corresponds to
the premotor–motor thalamic ROI, orange–yellow corresponds to the
somatosensory thalamic ROI, and red corresponds to the temporal
thalamic ROI.
displayed connectivity differences between groups across areas
of the cortex that also related to spatial span working memory.
Connections between our prefrontal thalamic ROI, which encom-
passes the anterior dorsal midline areas of the thalamus, and the
superior frontal and middle frontal gyri, were signiﬁcantly differ-
ent between groups and related to spatial span working memory.
Given the role of the dorsolateral prefrontal cortex in adaptive
online task control (Dosenbach et al., 2006, 2007), disruptions
in subcortical connections to this region of the cortex may con-
tribute to performance deﬁcits in task-level control. Such a ﬁnding
would suggest that this particular atypical behavior related to
this circuit would expand beyond working memory, and relate
to many tasks. Further exploration of connectivity differences
between the striatum and cortical networks involved in task con-
trol may prove illuminative of connections that are atypical in
these cortico-striatal–thalamic circuits.
CONCLUSION
As brain imaging research continues to uncover objective bio-
logical markers of psychiatric disorders, such as ADHD, the
hope is for these techniques to assist in the diagnosis, sub-
classiﬁcation, and therapy development for affected individuals.
The large, multi-site dataset leveraged for our secondary analysis
(http://fcon_1000.projects.nitrc.org/indi/adhd200/) in this study
demonstrates the utility of rs-fcMRI in detecting atypical brain
patterns in children diagnosed with ADHD. Moreover, we were
able to relate these atypical brain patterns to a speciﬁc neu-
ropsychological dimension of the disorder. It would be of further
interest to investigate the effects of different treatment modalities
(e.g., cognitive training, stimulant medication) on connectivity
strength between regions identiﬁed in this study. Together with
structural brain imaging methods, examinations of the brain’s
functional architecture may provide a viable clinical purpose in
detecting, classifying, and treating developmental neuropsychi-
atric disorders.
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APPENDIX
PARTICIPANTS AND MEASURES
Data from Oregon Health and Science University, Brown Univer-
sity, Beijing Normal University, Kennedy Krieger Institute, and
NYU Child Study Center were collected for children aged 7–
11 years. Together, the total dataset comprised of 132 typically
developing children (TDC) and 94 participants with ADHD. This
larger dataset was then separated into two subsets for two dif-
ferent analyses. The ﬁrst dataset included 67 children with and
without ADHD diagnoses (all subtypes included), all aged 7–
11 years, and from Oregon Health and Science University. Chil-
dren in the ﬁrst dataset were not matched on age or gender, as
this group was involved in a correlational analysis that included
all participants. The sample consisted of 43 TDC, 14 ADHD-
C, 9 ADHD-inattentive subtype, and 1 ADHD-hyperactive only
subtype children. Although this group was not matched for age,
there were no signiﬁcant differences in ages between children
with ADHD and TDC (ADHD mean age: 8.70 years, SD: 0.82;
TDC mean age: 8.50 years, SD: 0.67; p = 0.23). IQ was signiﬁ-
cantly different between children with ADHD and TDC (ADHD
mean IQ: 106.66, SD: 13.54; TDC mean IQ: 118.35, SD: 13.82;
p < 0.01).Movementwas low across all participants (ADHDmean
movement:0.44, SD:0.32; TDC mean movement:0.43, SD:0.35;
p = 0.85). The average pairwise functional volume displacement
after removing frames was also low and not signiﬁcant (ADHD
mean volume displacement:0.30, SD:0.19; TDC mean volume
displacement:0.27, SD:0.22; p = 0.55).
The second dataset included 70 children diagnosed with
ADHD-combined type (ADHD-C), and 89 TDC children, all
aged 7–11 years, and drawn from Brown University, Beijing Nor-
mal University, Kennedy Krieger Institute, and NYU Child Study
Center. Children in the second dataset were matched on age,
gender, and pairwise functional volume displacement for a com-
parative analysis (ADHD-C mean age: 9.85 years, SD: 1.28, 20%
female; TDC mean age: 9.94 years, SD: 1.23, 26.97% female;
p = 0.65), and showed signiﬁcant differences in IQ (ADHD-C
mean IQ: 110.54, SD: 14.03; TDC mean IQ: 115.97, SD: 14.03;
p < 0.02). Movement was low across both groups (ADHD-Cmean
movement:0.47, SD:0.25; TDC mean movement:0.45, SD:0.21;
p = 0.64). The average pairwise functional volume displacement
after removing frames was also low and not signiﬁcant (ADHD-
C mean volume displacement:0.17, SD:0.06; TDC mean volume
displacement:0.46, SD:0.21; p = 0.61).
Informed written consent or assent was obtained for all par-
ticipants, and procedures complied with the Human Investi-
gation Review Board at respective universities. As data were
aggregated from a larger collaborative effort (ADHD-200
dataset, see: http://fcon_1000.projects.nitrc.org/indi/adhd200),
assessment protocols varied across institutions. The procedures
used for each institution are detailed below.
DATA PREPROCESSING
All functional images were preprocessed in the same manner
to reduce artifacts (Miezin et al., 2000). These steps included:
(i) removal of a central spike caused by MR signal offset, (ii)
correction of odd vs. even slice intensity differences attributable
to interleaved acquisition without gaps, (iii) correction for head
movement within and across runs, and (iv) within-run inten-
sity normalization to a whole brain mode value of 1,000. Atlas
transformation of the functional data was computed for each
individual via the MPRAGE scan. The fMRI data then were resam-
pled to 3 mm cubic voxels in Talairach atlas space (Talairach
and Tournoux, 1988) as deﬁned by the spatial normalization
procedure (Lancaster et al., 1995). This resampling combined
movement correction and atlas transformation in one interpo-
lation. All subsequent operations were performed on the atlas-
transformed volumetric time series. Participant head motion was
measured and corrected using rigid body translation and rota-
tion. Summary statistics were calculated as root mean square
(RMS) values for translation and rotation about the x, y, and
z-axes. Motion was corrected and quantiﬁed using an analy-
sis of head position based on rigid body translation and rota-
tion.
OREGON HEALTH AND SCIENCE UNIVERSITY
Psychiatric diagnoses were based on evaluations with the kid-
die schedule for affective disorders and schizophrenia (KSADS-I;
Puig-Antich and Ryan, 1986) administered to a parent; parent
and teacher Conners’ Rating Scale-3rd Edition (Conners, 2008);
and a clinical review by a child psychiatrist and neuropsycholo-
gist who had to agree on the diagnosis. Intelligence was evaluated
with a three-subtest short form (block design, vocabulary, and
information) of the Wechsler Intelligence Scale for Children, 4th
Edition (Wechsler, 2003). Children were excluded if they did not
meet criteria for ADHD or non-ADHD groups. Children were
also excluded if a history of neurological illness, chronic medical
problems, sensorimotor handicap, autistic disorder, mental retar-
dation,or signiﬁcant head trauma (with loss of consciousness) was
identiﬁed by parent report, or if they had evidence of psychotic
disorder or bipolar disorder on the structured parent psychiatric
interview.Childrenprescribed short-acting stimulantmedications
were scanned after a minimum washout of ﬁve half-lives (i.e., 24–
48 h depending on the preparation). Typically developing children
were excluded for presence of conduct disorder, major depressive
disorder, or history of psychotic disorder, as well as for presence of
ADHD.
Participants were scanned using a 3.0 Tesla Siemens Mag-
netom Tim Trio scanner with a 12-channel head coil at
the OHSU Advanced Imaging Research Center. One high
resolution T1-weighted MPRAGE sequence lasting 9 min
and 14 s (TR= 2300 ms, TE= 3.58 ms, orientation= sagittal,
256× 256 matrix, resolution= 13 mm) was collected. Blood–
oxygen level dependent (BOLD)-weighted functional imag-
ing data were collected in an oblique plane (parallel to the
ACPC) using T2∗-weighted echo-planar imaging (TR= 2500 ms,
TE= 30 ms, ﬂip angle= 90˚, FOV= 240 mm, 36 slices cover-
ing the whole brain, slice thickness= 3.8 mm, in-plane res-
olution= 3.8 mm× 3.8 mm). Steady state magnetization was
assumed after ﬁve frames (∼10 s). Three runs of 3.5 min each
were obtained. During rest periods, participants were instructed
to stay still, and ﬁxate on a standard ﬁxation-cross in the center of
the display.
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FIGUREA1 | Group level voxelwise maps.This ﬁgure displays the voxelwise
connectivity maps of each thalamic ROI (prefrontal, occipital–parietal,
premotor–motor, somatosensory, and temporal) for the groups analyzed in the
comparative analysis. The ﬁrst row illustrates the group maps for 89 typically
developing children (TDC) and the second row illustrates the group maps for
70 children with ADHD-combined subtype (ADHD-C). The third row illustrates
the voxelwise maps for the comparison analysis, where warm colors (positive
z -scores) indicate areas where connection strength is greater inTDC, and cool
colors (negative z -scores) indicate areas where connection strength is greater
in the ADHD-C population.
ADHD-CONSORTIUM DATA
Kennedy Krieger Institute
Psychiatric diagnoses were based on evaluations with the Diagnos-
tic Interview for Children and Adolescents, 4th Edition (DICA-IV;
Reich et al., 1997), a structured parent interview based on DSM-
IV criteria; the Conners’ Parent Rating Scale-Revised, Long Form
(CPRS-R; Epstein et al., 1997), and the DuPaul ADHD Rating
Scale IV; DuPaul et al., 1998). Intelligence was evaluated with the
Wechsler Intelligence Scale for Children-4th Edition (WISC-IV;
Wechsler, 2003) and academic achievement was assessed with the
Wechsler Individual Achievement Test-II.
All study participants were between 8.0 and 11.0 years, and had
a Full-Scale IQ of 80 or higher. They had no history of language
disorder or a Reading Disability (RD) either screened out before a
visit or based on school assessment completedwithin 1 year of par-
ticipation. RD was based on a statistically signiﬁcant discrepancy
between a child’s FSIQ score and his/her Word Reading subtest
score from theWechsler IndividualAchievementTest-IIa,or a stan-
dard score below 85 on the Word Reading subtest, regardless of IQ
score. Participants with visual or hearing impairment, or history
of other neurological or psychiatric disorder were excluded.
Children assigned to the ADHD group met criteria for ADHD
on the DICA-IV and either had a T -score of 65 or greater
on the CPRS-R Long Form (DSM-IV inattentive) and/or M
(DSM-IV hyperactive/impulsive) or met criteria on the DuPaul
ADHD Rating Scale IV (six out of nine items scored 2 or 3
from inattention items and/or six out of nine scored 2 or 3
from the hyperactivity/impulsivity items). Children with DSM-IV
diagnoses other than oppositional deﬁant disorder or speciﬁc
phobias were excluded. DSM-IV criteria and the aforementioned
rating scales were also used to evaluate the three ADHD sub-
types (inattentive: ADHD-I; hyperactive/impulsive: ADHD-HI;
combined: ADHD-C). Children with ADHD were assigned to the
ADHD-I group if they met criteria for inattentiveness but not
hyperactivity/impulsivity on the DICA-IV, and had a T -score of
65 or greater on the CPRS Scale L, and a T -score of 60 or less
on the CPRS Scale, or had a rating of 2 or 3 on six out of nine
inattention items on the ADHD Rating Scale IV and a rating of
2 or 3 on four or fewer items on the hyperactivity/impulsivity
scale. Children were assigned to the ADHD-HI if they met criteria
for hyperactivity/impulsivity but not inattention on the DICA-
IV, and a T -score of 65 or greater on the CPRS Scale M and a
T -score of 60 or less on the CPRS Scale L, or had a rating of
2 or 3 on six out of nine hyperactivity/impulsivity items on the
ADHD Rating Scale IV and a rating of 2 or 3 on four or fewer
items on the inattention scale. All other children who met criteria
for ADHD were assigned to the ADHD-C (combined subtype)
group. Children with ADHD taking psychoactive medications
other than stimulants were excluded. Children who were taking
stimulant medication were removed from these medications the
day before and the day of testing. TDC were required to have T -
scores of 60 or below on the DSM-IV inattention (L) and DSM-IV
hyperactivity (M) subscales of CPRS-R and no history of behav-
ioral, emotional, or serious medical problems. Additionally, TDC
were not included if there was a history of school-based inter-
vention services as established by parent interview, or if they met
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FIGUREA2 | Prefrontal thalamic voxelwise maps projected onto
cortical surfaces. Each row displays the cortical surface for each voxelwise
map generated from the prefrontal thalamic ROI: group maps for TDC,
group maps for ADHD-C, maps from the comparative analysis (TDC vs.
ADHD-C), and maps from the correlation analysis. Cortical surface
projection was performed with the (PALS)-B12 atlas (Van Essen, 2005) and
the software Caret (Van Essen et al., 2001).
DSM-IV psychiatric disorder except speciﬁc phobia as reported
on the DICA-IV.
Participants were scanned using a 3.0 Tesla Philips scanner
with an eight-channel head coil. One high resolution T1-weighted
MPRAGE sequence (TR= 7.99 ms, TE= 3.76 ms, ﬂip angle= 8˚)
was collected. Blood–oxygen level dependent (BOLD)-weighted
functional imaging data were collected using T2∗-weighted echo-
planar imaging (TR= 2500 ms, TE= 30 ms, ﬂip angle= 75˚, 2D-
SENSE EPI). The run lasted either 5 min 20 s or 6 min 30 s. During
rest participants were instructed to relax, stay as still as possible,
keep eyes open, and ﬁxate on a center cross.
New York University
Psychiatric diagnoses were based on evaluations with the Schedule
of Affective Disorders and Schizophrenia for Children – Present
and Lifetime Version (KSADS-PL) administered to parents and
children and the Conners’ Parent Rating Scale-Revised, Long ver-
sion (CPRS-LV; Epstein et al., 1997). Intelligence was evaluated
with the Wechsler Abbreviated Scale of Intelligence (WASI; Wech-
sler, 1999). Inclusion in the ADHD group required a diagnosis of
ADHD based on parent and child responses to the KSADS-PL as
well as on a T -score greater than or equal to 60 on at least one
ADHD related index of the CPRS-R: LV. Psychostimulant drugs
were withheld at least 24 h before scanning. Inclusion criteria for
TDC required absence of any Axis-I psychiatric diagnoses per par-
ent and child KSADS-PL interview, as well as T -scores below 60
for all the CPRS-R: LV ADHD summary scales. Estimates of FSIQ
above 80, right-handedness and absence of other chronic medical
conditions were required for all children.
FIGUREA3 | Occipital–parietal thalamic voxelwise maps projected
onto cortical surfaces. Each row displays the cortical surface for each
voxelwise map generated from the occipital–parietal thalamic ROI: group
maps for TDC, group maps for ADHD-C, maps from the comparative
analysis (TDC vs. ADHD-C), and maps from the correlation analysis. Cortical
surface projection was performed with the (PALS)-B12 atlas (Van Essen,
2005) and the software Caret (Van Essen et al., 2001).
Participants were scanned using a Siemens Allegra 3.0
Tesla scanner at the NYU Center for Brain Imaging.
For each participant a T1-weighted MPRAGE sequence
was acquired using a magnetization prepared gradient
echo sequence (TR= 2530 ms; TE= 3.25 ms; TI= 1100 ms;
ﬂip angle= 7˚; 128 slices; FOV= 256 mm; acquisition voxel
size= 1.31 mm× 1.3 mm). A 6-min resting scan compris-
ing 180 contiguous whole brain functional volumes was
also acquired for each participant using a multi-echo echo-
planar imaging sequence (TR= 2000 ms; ﬂip angle= 90˚; 33
slices; voxel size= 3 mm× 3 mm× 4 mm; effective TE= 30 ms,
FOV= 240 mm× 192 mm).During rest periods participants were
instructed to lie still and relaxwith their eyes open,while a standard
ﬁxation-cross was presented in the center of the display.
Beijing Normal University
Study participants with the diagnosis of ADHD were initially
identiﬁed using the Computerized Diagnostic Interview Sched-
ule IV (C-DIS-IV). Upon referral for participation to the study
participation, all participants (ADHD and TDC) were evaluated
with the Schedule of Affective Disorders and Schizophrenia for
Children – Present and Lifetime Version (KSADS-PL) with one
parent for the establishment of the diagnosis for study inclu-
sion. Additional inclusion included: (i) right-handedness, (ii)
no history of neurological disease and no diagnosis of either
schizophrenia, affective disorder, or pervasive development dis-
order and (iii) full-scale Wechsler Intelligence Scale for Chi-
nese Children-Revised (WISCC-R) score of greater than 80.
www.frontiersin.org January 2012 | Volume 3 | Article 2 | 15
Mills et al. Altered cortico-striatal–thalamic connectivity in ADHD
FIGUREA4 | Premotor–motor thalamic voxelwise maps projected onto
cortical surfaces. Each row displays the cortical surface for each voxelwise
map generated from the premotor–motor thalamic ROI: group maps for
TDC, group maps for ADHD-C, maps from the comparative analysis (TDC
vs. ADHD-C), and maps from the correlation analysis. Cortical surface
projection was performed with the (PALS)-B12 atlas (Van Essen, 2005) and
the software Caret (Van Essen et al., 2001).
Psychostimulant medications were withheld at least 48 h prior
to scanning. All research was approved by the Research Ethics
Review Board of Institute of Mental Health, Peking Univer-
sity. Informed consent was also obtained from the parent of
each subject and all of the children agreed to participate in the
study.
Dataset #1
Images were acquired using a Siemens Trio 3.0 Tesla scan-
ner (Siemens, Erlangen, Germany) in National Key Labora-
tory of Cognitive Neuroscience and Learning, Beijing Nor-
mal University. For each participant, a high resolution T1-
weighted anatomical image was acquired (128 sagittal slices,
slice thickness/gap= 1.33/0 mm, in-plane resolution= 256× 192,
TR= 2530 ms, TE= 3.39 ms, inversion time (TI)= 1100 ms, ﬂip
angle= 7˚, FOV= 256 mm× 256 mm). A resting-state scan was
obtained for each participant (33 axial slices, TR= 2000 ms,
TE= 30 ms, ﬂip angle= 90˚, thickness/gap= 3.5/0.7 mm, FOV=
200 mm× 200 mm, matrix = 64× 64, 240 volumes), as well as
diffusion tensor imaging.
Dataset #2
Images were acquired using a Siemens Trio 3.0 Tesla scanner
(Siemens, Erlangen, Germany) in National Key Laboratory of
Cognitive Neuroscience and Learning, Beijing Normal University.
All of the resting-state functional data were acquired using an
echo-planar imaging (EPI) sequence with the following parame-
ters: 33 axial slices, TR= 2000 ms, TE= 30 ms, ﬂip angle= 90˚,
FIGUREA5 | Somatosensory thalamic voxelwise maps projected onto
cortical surfaces. Each row displays the cortical surface for each voxelwise
map generated from the somatosensory thalamic ROI: group maps for
TDC, group maps for ADHD-C, maps from the comparative analysis (TDC
vs. ADHD-C), and maps from the correlation analysis. Cortical surface
projection was performed with the (PALS)-B12 atlas (Van Essen, 2005) and
the software Caret (Van Essen et al., 2001).
slice thickness/skip= 3.0/0.6 mm, FOV= 200 mm× 20 mm, in-
plane resolution= 64× 64, 240 volumes. For each patient, T1-
weighted structural imageswere acquired using a spoiled gradient-
recalled sequence covering the whole brain and used for the
purpose of image registration (see Data Preprocessing). Here are
the parameters of T1-weighted structural images: 176 sagittal
slices, TR= 2530 ms, TE= 3.45 ms, ﬂip angle= 7˚, slice thick-
ness/skip= 1.0/0 mm, FOV= 256 mm× 256 mm, in-plane reso-
lution= 256× 256.
Children with ADHD were scanned twice, in a double-blinded,
randomized, counterbalanced way. The two scans were at least
2 days apart, and each scan was taken 1 h after either 10 mg MPH
administration or placebo (Vitamin B6, 10 mg). All the patients
had not received stimulant treatment for at least 2 days before
the ﬁrst scan, and were asked not to take any stimulant between
two scans. The control boys were scanned once without MPH or
placebo taken for ethical reasons. Only placebo scans were used
for the present study.
Dataset #3
Images were acquired using a Siemens Trio 3.0 Tesla scanner
(Siemens, Erlangen, Germany) in the Institute of Biophysics, Chi-
neseAcademy of Sciences. Rest scans were acquired using an echo-
planar imaging (EPI) sequence with the following parameters:
30 axial slices, TR= 2000 ms, TE= 30 ms, ﬂip angle= 90˚, thick-
ness/skip= 4.5/0 mm,FOV= 220 mm× 220 mm,matrix= 64× 64,
240 volumes. Participants were asked simply to remain still, close
their eyes, think of nothing systematically and not fall asleep.
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FIGUREA6 |Temporal thalamic voxelwise maps projected onto cortical
surfaces. Each row displays the cortical surface for each voxelwise map
generated from the temporal thalamic ROI: group maps for TDC, group
maps for ADHD-C, maps from the comparative analysis (TDC vs. ADHD-C),
and maps from the correlation analysis. Cortical surface projection was
performed with the (PALS)-B12 atlas (Van Essen, 2005) and the software
Caret (Van Essen et al., 2001).
Additionally, for each participant, a high resolution T1-weighted
anatomical image using a spoiled gradient-recalled sequence cov-
ering the whole brain was acquired. The data were collected in
a period of about 2 years and some modiﬁcations were made
in the sequence of the structural images. Most of the partic-
ipants were scanned with one of the following two kinds of
parameters: (1) 192 slices, TR= 2000 ms, TE= 3.67 ms, inver-
sion time= 1100 ms, ﬂip angle= 12˚, FOV= 240 mm× 240 mm,
matrix= 256× 256, used in 8 patients and 12 controls; (2) 176
slices, TR= 1770 ms, TE= 3.92 ms, inversion time= 1100 ms, ﬂip
angle= 12˚, FOV= 256 mm× 256 mm, matrix= 512× 512, used
in 9 patients and 11 controls. Other scanning sessions, which have
no relation to the present study, are not described here.
Brown University and Bradley Hospital
Psychiatric diagnoses were based on evaluation by the same
board-certiﬁed child/adolescent psychiatrist (DPD) for all par-
ticipants, using the Child Schedule for Affective Disorders Present
and Lifetime version (KSADS-PL) administered to parents and
children separately (Puig-Antich and Ryan, 1986). All partici-
pants completed the Wechsler Abbreviated Scale of Intelligence
(WASI) as an overall measure of cognitive ability (Wechsler, 1999).
Children in the ADHD group had to meet Diagnostic and Statis-
tical Manual 4th Edition Text Revision (DSM-IV-TR) criteria for
ADHD, as determined by parent and child answers to the KSADS-
PL and were required to have ongoing psychiatric treatment.
Exclusion criteria were comorbid mood or anxiety disorders,
autistic or Asperger’s disorder, medical illness that was unstable
or could cause psychiatric symptoms, or substance abuse within
<2 months of participation. All ADHD participants taking psy-
chostimulant medications (i.e., derivatives of methylphenidate or
dextroamphetamine) were scanned when medication-free for ﬁve
drug half-lives. TDC inclusion criteria were a negative history of
psychiatric illness in the participant and their ﬁrst-degree relatives.
Exclusion criteria were pregnancy, ongoing medical, or neurolog-
ical illness or past/present psychiatric or substance disorder. All
participants had an IQ greater than 70.
Scans were acquired on a Siemens Tim Trio 3.0 Tesla
scanner with a 12-channel head coil. A high resolution
T1-weighted MPRAGE anatomical image was acquired for
normalization and localization (TR= 2250 ms, TE= 2.98 ms,
T1= 900 ms, ﬂip angle= 9˚, slices= 160, FOV= 256 mm, vox-
els= 1 mm× 1 mm× 1 mm). This scan lasted 7 min and
36 s. The resting-state functional connectivity scan contained
256 continuous blood–oxygen level dependent (BOLD) vol-
umes (TR= 2000 ms, TE= 25 ms, ﬂip angle= 90˚, slices= 35,
FOV= 192 mm, voxels= 3 mm× 3 mm× 3 mm). The scan lasted
for 8 min and 36 s. During the scan, participants were instructed to
rest with their eyes open while the word“relax”was back-projected
via LCD projector.
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